Tetrachloroethene (perchloroethylene, PCE), an ubiquitous environmental contaminant, has been implicated in inducing autoimmunity/autoimmune diseases (ADs), including systemic lupus erythematosus (SLE) and scleroderma in humans. However, experimental evidence suggesting the potential of PCE in mediating autoimmunity is lacking. This study was, therefore, undertaken to explore PCE's potential in inducing/exacerbating an autoimmune response. Six-week old female MRL +/+ mice, in groups of 6 each, were treated with PCE (0.5 mg/ml) via drinking water for 12, 18 and 24 weeks and markers of autoimmunity and oxidative stress were evaluated. PCE exposure led to significant increases in serum anti-nuclear antibodies (ANA), anti-dsDNA and anti-scleroderma-70 (anti-Scl-70) antibodies at 18 weeks and, to a greater extent at 24 weeks, suggesting that PCE exposure exacerbated autoimmunity in our animal model. The increases in autoantibodies were associated with time-dependent increases in malondialdehyde (MDA)-protein adducts and their antibodies, as well as significantly decreased levels of antioxidants GSH and SOD. The splenocytes isolated from mice treated with PCE for 18 and 24 weeks showed greater Th17 cell proliferation and increased release of IL-17 in culture supernatants following stimulation with MDA-mouse serum albumin adducts, suggesting that MDA-modified proteins may act as an immunologic trigger by activating Th17 cells and contribute to PCE-mediated autoimmunity. Our studies thus provide an experimental evidence that PCE induces/exacerbates an autoimmune response and lipidderived aldehydes (such as MDA) contribute to this response.
Introduction
Tetrachloroethene (also known as perchloroethylene, PCE), one of the most widely used chlorinated organic solvents in dry-cleaning, fabric-finishing and metal-degreasing in the United States (US), is an ubiquitous environmental contaminant (Akita et al., 2007; ATSDR, 2014; Gold et al., 2008; Lash and Parker, 2001) . Over 400 million pounds of PCE is produced in the US annually, and about 85% of used PCE is lost to the atmosphere, resulting high concentrations of PCE in air in urban or industrial areas (Gold et al., 2008; Lash and Parker, 2001) . PCE has been identified in at least 945 of the 1699 hazard waste sites nationally and also in other non-national priorities list sites due to air, water and soil contamination (ATSDR, 2014; Salahudeen, 1998) . PCE is also one of the most frequently identified organic contaminants in surface and ground water with up to 25% of drinking water samples in USA contaminated with PCE (Akita et al., 2007; ATSDR, 2014; Williams et al., 2004) . The humans may be exposed to PCE occupationally or environmentally via air, water, food and soil (McKone and Daniels, 1991; Lash and Parker, 2001; ATSDR, 2014) . The Agency for Toxic Substances and Disease Registry (ATSDR) estimates that > 650,000 workers are regularly exposed to PCE (ATSDR, 2014; Gold et al., 2008; Salahudeen, 1998) . Therefore, a clear understanding of the potential adverse health effects of PCE, especially systemic toxic effects is warranted.
PCE, besides causing organ toxicity and cancer, has also been implicated in autoimmune diseases (ADs), including scleroderma and systemic lupus erythematosus (SLE)-like symptoms in humans (Aschengrau et al., 2015; Chaigne et al., 2015; Guyton et al., 2014; Kilburn and Warshaw, 1992; Lash and Parker, 2001; Marie et al., 2014; Mutti et al., 1992; Pralong et al., 2009; Salahudeen, 1998) . Since Sparrow's first report of a Raynaud's disease along with high titers of anti-nuclear antibodies (ANA) in a subject exposed to PCE exposure (Sparrow, 1977) , a number of reports as well as epidemiologic studies have provided further evidence for the involvement of PCE in the development of ADs both from environmental and occupational exposures (Chaigne et al., 2015; Kilburn and Warshaw, 1992; Marie et al., 2014; Mora, 2009; Mutti et al., 1992; Pralong et al., 2009) . Evidences are also presented for an association between scleroderma and environmental and/or occupational PCE exposure (Marie et al., 2014; Mora, 2009; Pralong et al., 2009) . Remarkably, signs of nephropathies have also been shown in workers occupationally exposed to PCE (Mutti et al., 1992; Salahudeen, 1998) . The resident population exposed to low levels of organic solvents including PCE through contaminated water, had higher titers of ANA and greater SLE symptoms compared to referent populations (Kilburn and Warshaw, 1992) . The potential of PCE to induce ADs is also supported by the significant association of Sjögren's syndrome with occupational PCE exposure (Chaigne et al., 2015) . Despite PCE's implications in the development of ADs in humans for decades (Chaigne et al., 2015; Kilburn and Warshaw, 1992; Marie et al., 2014; Mutti et al., 1992; Pralong et al., 2009; Sparrow, 1977) , the experimental studies to establish the role of PCE in inducing/exacerbating ADs are lacking and the mechanism(s) contributing to PCE-induced/ exacerbated autoimmunity remains largely unknown. Oxidative stress (including lipid peroxidation) is known to contribute to the pathogenesis of ADs (Khan et al., 2001; Iuchi et al., 2010) and increased oxidative stress is reported in ADs (Grimsrud et al., 2008; Wang et al., 2010) . Lipid-derived aldehydes (LDAs) such as malondialdehyde (MDA), bind covalently with proteins to form MDA-protein adducts (Khan et al., 2002; Ben Mansour et al., 2010) , and higher levels of MDAmodified proteins have been observed in AD patients (Frostegard et al., 2005; Kurien and Scofield, 2008; Ben Mansour et al., 2010; Wang et al., 2010) , suggesting a potential role of LDAs in ADs. PCE exposure has also been reported to lead to oxidative stress both from in vivo and in vitro studies (Chen et al., 2002; Green et al., 1990; Lash and Parker, 2001; Salahudeen, 1998; Toraason et al., 1999 Toraason et al., , 2003 Zhu et al., 2005) . These evidences led us to hypothesize that PCE exposure could lead to an autoimmune response/disease via its ability to induce oxidative stress. To test our hypothesis, this study using an animal model evaluated, 1) the autoimmune potential of PCE and, 2) contributory role of LDAs (MDA-protein adducts) in PCE-mediated autoimmunity.
Materials and methods

Animals and treatments
MRL/MpJ (MRL +/+) mouse is a model of SLE, and spontaneously develops various autoantibodies after several months and SLE in the second year of life (Anam et al., 2009; Khan et al., 1995 Khan et al., , 2001 Wang et al., 2012b) . Since SLE develops late in the second year of life and autoantibodies appear several months after their birth, the MRL +/+ mice are an ideal model to study the role of PCE in inducing/exacerbating ADs. Female mice were chosen for this study due to higher susceptibility and prevalence of ADs in females (Danchenko et al., 2006; Frostegard et al., 2005; Margery-Muir et al., 2017; Wang et al., 2010 Wang et al., , 2012b . Five-week old female MRL +/+ mice, purchased from The Jackson Laboratories (Bar Harber, ME), were housed in plastic cages on a bedding of wood chips at the University of Texas Medical Branch (UTMB) animal house facility maintained at~22°C, 50-60% relative humidity, and a 12 h light/dark cycle. The animals were provided standard lab chow and drinking water ad libitum and were acclimated for one week before the treatment. PCE (purity 99 +%, SigmaAldrich, St. Louis, MO) was dissolved in drinking water containing 1% Alkamuls EL-620 emulsifier (Rhone-Poulenc, Cranbury, NJ). The experiments were performed in accordance with the guidelines of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee (IACUC) of UTMB. The mice were divided into 6 groups of 6 each and received PCE (0.5 mg/ml) or drinking water containing 1% Alkamuls EL-620 emulsifier only (controls). The dose used in this study is occupationally relevant, based on the current 8 h Permissible Exposure Limit (established by Occupational Safety and Health Administration) for PCE of 100 ppm (678 mg/ m 3 ), which is~96 mg/kg/day (Center for Disease Control and Prevention, 1978) . Also oral LD50 for PCE in mice is 7800 mg/kg (Cederberg et al., 2010) . Thus, the dose used is~1/78th of the LD50. The consumption of PCE-containing drinking water was measured and the water was changed on alternate days. The mice were weighed on a weekly basis to monitor weight changes. After 12, 18 and 24 weeks of PCE treatment, respectively, the animals were euthanized under ketamine/xylazine (120/10 mg/kg, i.p.), and blood was withdrawn. Major organs were removed and weighed. At the same time, spleens were removed immediately and splenocytes were isolated (Wang et al., 2008 (Wang et al., , 2012a . Individual sera, obtained following blood clotting and centrifugation, were stored in small aliquots at − 80°C until further analysis.
2.2. ANA, anti-dsDNA and anti-scleroderma-70 (anti-Scl-70) antibodies in the serum Serum levels of ANA, anti-dsDNA antibodies and anti-Scl-70 antibodies were determined by using mouse-specific ELISA kits (Alpha Diagnostic Int'l, San Antonio, TX) as described earlier (Khan et al., 1995; Wang et al., 2007 Wang et al., , 2012a Wang et al., , 2015 .
Quantitation of MDA-protein adducts in the serum
For the quantitation of MDA-protein adducts in the sera from PCEtreated mice and controls, competitive ELISAs were preformed as described earlier (Khan et al., 2002; Wang et al., 2007 Wang et al., , 2012a Wang et al., , 2015 . Briefly, flat bottomed 96-well plates were coated with MDA-ovalbumin adducts or ovalbumin (0.5 μg/well) overnight at 4°C. For the competitive ELISA, rabbit anti-MDA sera (1:2000 diluted; Alpha Diagnostics Int'l, San Antonio, TX) were incubated with test samples (standards or unknown) at 4°C overnight. The coated plates were blocked with a blocking buffer (Sigma-Aldrich) for 2 h at room temperature (RT), then a 50 μl aliquot of each of the above mentioned incubation mixtures was added to duplicate wells and incubated for 2 h at RT. After washing, 50 μl of goat anti-rabbit IgG-horseradish peroxidase (HRP; 1:2000 diluted, Millipore, Billerica, MA) was added and incubated for 1 h at RT. After washing, 100 μl of tetramethylbenzidine (TMB) peroxidase substrate (KPL, Gaithersburg, MD) was added to each well. The reaction was stopped after 10 min by adding 100 μl 2 M H 2 SO 4 and the absorbance was read at 450 nm on a Bio-Rad Benchmark plus microplate spectrophotometer (Bio-Rad Laboratories, Hercules, CA).
Anti-MDA-protein adduct specific antibodies in the serum
An ELISA to analyze anti-MDA-protein adduct-specific antibodies in the mouse serum was performed as described earlier (Khan et al., 2001; Wang et al., 2007 Wang et al., , 2012a Wang et al., , 2015 . Briefly, flat-bottomed 96-well plates were coated with MDA-ovalbumin adducts or ovalbumin (0.5 μg/well) overnight at 4°C. The plates were washed with Tris-buffered salineTween 20 (TBST) and the non-specific binding sites were blocked with Tris-buffered saline (TBS) containing 1% bovine serum albumin (BSA; Sigma-Aldrich) at RT for 1 h. After washing extensively with TBST, 50 μl of 1:100 diluted mouse serum samples were added to duplicate wells of the coated plates and incubated at RT for 2 h. The plates were washed 5 times with TBST and then 50 μl of rabbit anti-mouse IgG-HRP (1:2000 in TBS; Chemicon, Temecula, CA) was added and incubated at RT for 1 h. After washing, 100 μl of TMB peroxidase substrate (KPL) was added to each well. The reaction was stopped after 10 min by adding 100 μl 2 M H 2 SO 4 and the OD was read at 450 nm on a Bio-Rad Benchmark plus microplate spectrophotometer (Bio-Rad Laboratories).
Serum superoxide dismutase activity
The superoxide dismutase (SOD) activity in the sera was determined using the Superoxide Dismutase Activity Assay Kit (Abcam, Cambridge, MA) following manufacturer's instruction.
Glutathione content in sera
The contents of reduced (GSH) and oxidized (GSSG) glutathione in the sera were analyzed by using Glutathione Assay kit (Cayman Chemical Co., Ann Arbor, MI). For deproteinization, an equal volume of 10% (w/v) of metaphosphoric acid was added to the sera. After centrifugation at 2000 × g for 5 min, the resulting supernatants were neutralized with 4 M of triethanolamine (50 μl per ml supernatant) for the measurement of the GSH and GSSG levels. The quantification was done according to the procedure described in the assay kit and the values were expressed as nmol mg − 1 protein.
Flow cytometry analysis for splenocyte proliferation
Splenocytes isolated from spleens of control and PCE-treated mice were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) using CellTrace CFSE Cell Proliferation kit for Flow Cytometry (Molecular Probes, Eugene, OR), and then plated into 24-well flatbottom plates at 2 × 10 6 /well in a total volume of 1 ml. Native mouse serum albumin (MSA, 10 μg/ml; Sigma) or MDA-MSA adducts (10 μg/ ml) were added to culture plates, respectively, to stimulate lymphocytes and incubated at 37°C with 5% CO 2 (Khan et al., 2001; Wang et al., 2008) . After 72 h, the splenocytes from each well were blocked with anti-mouse CD16/CD32 (FcγIII/II Receptor, BD Biosciences, San Jose, CA), then stained with anti-mouse IL17-PE (BD Biosciences), and analyzed using a Becton-Dickinson FacsCanto (BD Biosciences).
Determination of IL-17 in splenocyte cultures
Splenocytes isolated from the spleens of control and PCE-treated MRL +/+ mice were plated into 24-well flat-bottom plates at 2 × 10 6 / well in a total volume of 1 ml. MSA (10 μg/ml), MDA-MSA adducts (10 μg/ml) or anti-CD3/CD28 antibodies (2.5/1.0 μg/ml) were added, respectively, to stimulate lymphocytes in the culture and incubated at 37°C with 5% CO 2 . After 72 h, culture supernatants from each well were harvested and the release of IL-17 into the cultures was quantitated using specific ELISA kits (Biolegend Inc., San Diego, CA).
Statistical analysis
The values are means ± SD. One-way ANOVA followed by TukeyKramer multiple comparisons test (GraphPad Instat 3 software, La Jolla, CA) was performed for the statistical analysis. Spearman's rank correlation was used to calculate correlation coefficients between serum ANA and anti-MDA-protein antibodies. A p value < 0.05 was considered to be statistically significant.
Results
PCE potentiates autoantibody production in MRL+/+ mice
Implication of PCE exposure leading to an autoimmune response was reported as early as in 1977 (Sparrow, 1977) . Epidemiologic studies following both occupational and environmental exposures to PCE further suggest an association between PCE exposure and autoimmunity in humans (Chaigne et al., 2015; Kilburn and Warshaw, 1992; Mutti et al., 1992; Pralong et al., 2009 ). To assess and provide an experimental evidence for autoimmune potential of PCE, autoantibodies which are important laboratory evaluation indices and biomarkers of ADs (Egner, 2000; Arbuckle et al., 2003; Reveille, 2004) , were determined in the serum of MRL +/+ mice treated with PCE for 12, 18 or 24 weeks (Fig. 1 ). There were moderate but insignificant increases in serum ANA levels in mice treated with PCE for 12 weeks (12% increase) but the increases (42%) were statistically significant at 18 weeks of PCE exposure (p < 0.05) compared to respective controls (Fig. 1A) . However, PCE-induced increases in ANA were highly remarkable (79%) following 24 weeks of PCE exposure in comparison to the controls (p < 0.05, Fig. 1A) . Also, the ANA levels in mice treated with PCE for 24 weeks were significantly greater than those treated for 12 or 18 weeks. Similarly, serum anti-dsDNA and anti-Scl-70 antibodies also increased in a time-dependent fashion following PCE exposure. The serum anti-dsDNA and anti-Scl-70 antibodies in the mice treated with PCE for 18 or 24 weeks were significantly greater compared to their respective controls (p < 0.05). Furthermore, the anti-dsDNA and antiScl-70 levels in mice treated with PCE for 24 weeks were remarkably higher vs. mice exposed for 12 or 18 weeks (Fig. 1B, C) . These results suggest that PCE exposure induces/exacerbates an autoimmune response in these MRL +/+ mice in a time-related pattern.
Serum
3.2. PCE exposure causes increased formation of MDA-protein adducts in the sera of mice It has been reported that PCE exposure can induce oxidative stress both in vivo and in vitro (Chen et al., 2002; Green et al., 1990; Lash and Parker, 2001; Salahudeen, 1998; Toraason et al., 1999 Toraason et al., , 2003 Zhu et al., 2005) . To explore the potential role of PCE-induced oxidative stress, such as LPO, in the induction/exacerbation of autoimmune response, we first determined the serum levels of MDA-protein adducts, the markers of oxidative stress, especially LDAs, in MRL +/+ mice treated with PCE for 12, 18 or 24 weeks ( Fig. 2A) . As shown in Fig. 2A , formation of MDA-protein adducts in the mice treated with PCE for 12 weeks increased significantly (38% increases, p < 0.05) compared to the controls. The increases in the formation of these adducts were even greater at 18 and 24 weeks (41% and 73% increases, respectively), and were statistically significant compared to their respective controls (p < 0.05). Moreover, increases in these adducts in mice treated with PCE for 24 weeks were also significantly greater than mice treated with PCE for 12 or 18 weeks ( Fig. 2A) .
Increased formation of anti-MDA-protein adduct antibodies in PCEtreated mice
To support our hypothesis that LDA formation could contribute to the PCE-mediated autoimmunity, serum anti-MDA-protein adduct antibodies were also determined (Fig. 2B) . Following 12 weeks of PCE exposure, there were significant increases in serum levels of anti-MDAprotein adduct antibodies (46% increase) compared to the controls (p < 0.05, Fig. 2B ). The increases in anti-MDA-protein adduct antibodies were much greater (53%, 115%, respectively) and significant (p < 0.05) after 18 and 24 weeks of PCE exposure compared to the respective controls. Interestingly, the increases in these antibodies in mice treated with PCE for 24 weeks were even greater vs. the mice treated with PCE for 12 or 18 weeks (Fig. 2B) . These increases suggest that increased formation of LDA-modified protein adducts could act as immunologic triggers to contribute to PCE-mediated autoimmunity.
Relationship between autoantibodies and anti-MDA-protein antibodies
To evaluate the potential contribution of MDA-modified protein adducts to PCE-mediated autoimmune disorder, we also analyzed the possible relationship of the increased serum ANA with anti-MDA-protein antibodies. The correlation coefficient between serum ANA and anti-MDA-protein antibodies was calculated using Spearman's rank correlation and the respective values in serum ANA and anti-MDAprotein antibodies of each sample from all three points are plotted in Fig. 3 . As evident from Fig. 3 , there is an existence of a significantly positive correlation between serum ANA and anti-MDA-protein antibodies, suggesting that the increased anti-MDA-protein antibodies could be multi-specific and may also contribute to increased ANA.
Serum levels of Cu/Zn SOD activity in PCE-treated mice
Increased oxidative stress and impaired antioxidant capacity have been reported in ADs including SLE (Grimsrud et al., 2008; Zaieni et al., 2015; Wang et al., 2016) . To assess the redox status in mice, we measured the serum SOD, one of the major antioxidant enzymes. There were only moderate decreases in SOD levels in the mice treated with PCE for 12 weeks compared to the controls. The decreases in serum SOD were significant in the mice treated with PCE for 18 or 24 weeks compared with their respective controls. Furthermore, the SOD levels showed greater decline in mice treated with PCE for 24 weeks in comparison to mice treated with PCE for 12 or 18 weeks (p < 0.05, Table 1 ). This remarkable reduction in serum SOD provides evidence for a compromised antioxidant balance.
Effect of PCE on GSH and GSH/GSSG ratio in the sera
Glutathione (GSH) is a tripeptide antioxidant, which defends against damage to important cellular components from oxidative stress (Pompella et al., 2003; Ballatori et al., 2009 ). The ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) is a widely used 
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marker for oxidative stress (Rahman et al., 2005; Ballatori et al., 2009; Owen and Butterfield, 2010) . Therefore, to further assess the redox status following PCE exposure and evaluate the contribution of oxidative stress in PCE-induced autoimmunity, the glutathione levels were analyzed in the sera. As presented in Table 2 , PCE exposure caused significant decreases in serum GSH at 12, 18 and 24 weeks in comparison to their respective controls, with lowest levels seen at 24 weeks which was also significantly lower than that in mice treated with PCE for 12 and 18 weeks. Similar pattern but more remarkable decreases in GSH/GSSG ratio were also observed following PCE treatment (Table 2) .
Stimulatory effect of MDA-MSA on Th17 cell proliferation
Th17 cells are key effector T cells involved in the development and pathogenesis of a variety of ADs including SLE and rheumatoid arthritis (RA) (Han et al., 2015; Korn et al., 2009; Perl, 2016; Singh et al., 2014; Tabarkiewicz et al., 2015) . To assess the effects of MDA-protein adducts on adaptive immune responses, splenocytes isolated from PCE-treated and control mice were labeled with CFSE and cultured with or without MDA-MSA. Seventy two hours later, splenocytes were intracellularly stained with anti-mouse IL-17 antibodies and Th17 cell proliferation was analyzed using flow cytometry. The splenocytes from PCE-treated mice for 18 or 24 weeks cultured in the presence of MDA-MSA resulted in greater Th-17 cell proliferation compared to those from respective controls (Fig. 4 , data shown for 24 weeks only).
IL-17 release into splenocyte cultures following treatment with MDA-MSA
To further evaluate the contribution of MDA-modified proteins in the pathogenesis of PCE-mediated autoimmunity and provide even more compelling support to our hypothesis that oxidative stress mediates an autoimmune response via activation of Th17 cells, splenocytes isolated from PCE-treated and control mice were cultured with or without MDA-MSA or anti-mouse CD3/CD28, and the release of IL-17 in the culture supernatants was quantitated. Evidenced from Fig. 5 , the splenocytes from mice treated with PCE for 18 or 24 weeks released significantly greater amount of IL-17 than those from respective control mice (p < 0.05) following 72 h incubation without MDA-MSA.
However, following the stimulation with MDA-MSA, the splenocytes from mice treated with PCE for 18 or 24 weeks not only released much larger amount of IL-17 than those from corresponding controls and the shorter term PCE exposure, but also released significantly greater amount of IL-17 than the splenocytes from the same group of mice without MDA-MSA stimulation. Moreover, after 24 weeks of PCE exposure, the amount in IL-17 release into cultures was 1.0-and 1.1-fold incubated with MSA, and 1.3-and 2.2-fold incubated with MDA-MSA for controls and PCE-treated mice compared to their UN samples, respectively. The results showed significant increases in IL-17 release following MDA-MSA incubation of splenocytes obtained from PCEtreated mice for 18 or 24 weeks, suggesting a potential role of MDA-MSA in activating Th17 cells.
Discussion
PCE exposure has been implicated in the development of ADs in humans both from environmental and occupational exposures (Chaigne et al., 2015; Kilburn and Warshaw, 1992; Marie et al., 2014; Mutti et al., 1992; Pralong et al., 2009) . However, experimental studies in animals towards establishing the potential of PCE in mediating an autoimmune response are lacking. Experimental animals which represent as model of certain states of the diseases, also provide critical information on mechanistic aspects of diseases. In our studies, we chose MRL +/+ mice because they are susceptible to ADs and serve well as a model for delayed development of SLE (Anam et al., 2009; Khan et al., 1995 Khan et al., , 2001 Wang et al., 2012b) . This slow development of AD allows the evaluation of specific effects of agents in relatively young animals (Khan et al., 1995 (Khan et al., , 2001 Wang et al., 2012b) . Thus, to assess the autoimmune potential of PCE and the mechanism(s) contributing to PCEinduced autoimmunity, this study was undertaken in female MRL +/+ mice by treating them with PCE. Here we provide first evidence that PCE induces/exacerbates an autoimmune response and a role of oxidative stress (LDAs) in PCE-mediated autoimmunity.
ADs include > 80 medical disorders involving up to 5% of population (Hayter and Cook, 2012; Vojdani, 2014) . The etiology of these diseases is not fully understood, however, multiple factors, including genetic, hormonal and environmental triggers are thought to contribute to the pathogenesis of these diseases. As there have been remarkable increases in the incidence of ADs worldwide, research dedicated to environmental factors such as chemicals in contributing to autoimmunity has also grown significantly over the years (Barragán-Martínez et al., 2012; Hayter and Cook, 2012; Selmi et al., 2012; Vojdani, 2014) . Via this study, for the first time, we provide evidence to support that PCE exposure induces/exacerbates an autoimmune response in MRL +/+ mice, as evident from increased levels of various autoantibodies, including ANA, anti-dsDNA antibodies and anti-Scl-70 antibodies, which are established biomarkers of ADs (Egner, 2000; Arbuckle et al., 2003; Reveille, 2004; Callado et al., 2007) . Increases in ANA and anti-dsDNA antibodies support PCE's potential to induce/exacerbate SLE-like disease in this animal model. Our findings on increased anti-Scl-70 antibodies are remarkable as they also serve as biomarkers of scleroderma (Callado et al., 2007) , one of the systemic immune disorders observed in humans following PCE exposure (Marie et al., 2014; Pralong et al., 2009) . Thus, the time-related increases in ANA, anti-dsDNA antibodies and anti-Scl-70 antibodies in MRL +/+ mice following PCE exposure in this study provide support to reports that PCE mediates autoimmune disorders in humans (Chaigne et al., 2015; Kilburn and Warshaw, 1992; Marie et al., 2014; Mutti et al., 1992; Pralong et al., 2009) . These findings are highly significant as they clearly provide experimental evidence that PCE exposure is capable of inducing/exacerbating an autoimmune disorder. Furthermore, the study also validates the use of MRL +/+ mice as a potential animal model to study pathogenesis and mechanisms of PCE-mediated autoimmunity.
Increasing evidence supports that oxidative stress could play a role The SOD levels are expressed as U/ml and are means ± SD. ⁎ p < 0.05 vs. controls. # p < 0.05 vs. PCE-exposed for 12 and 18 weeks. in the pathogenesis of ADs (Hayter and Cook, 2012; Khan et al., 2001; Wang et al., 2010 Wang et al., , 2016 Vojdani, 2014) . Studies have documented that PCE exposure is associated with oxidative stress as evident from increases in lipid peroxidation and oxidative DNA damage (Chen et al., 2002; Green et al., 1990; Lash and Parker, 2001; Salahudeen, 1998; Toraason et al., 1999 Toraason et al., , 2003 Zhu et al., 2005) . This led us to assess the potential association of PCE-mediated oxidative stress (lipid peroxidation) with PCE-induced/exacerbated autoimmunity. It is evident from our data that PCE exposure resulted in increased formation of MDAmodified protein adducts and anti-MDA-protein adduct antibodies in a time-related manner. Interestingly, the serum levels of MDA-modified protein adducts and anti-MDA-protein adduct antibodies were significantly increased following 12 weeks of PCE exposure, a time at which no remarkable/significant increases in other autoantibodies (ANA and anti-scl-70 antibodies) were noticed. The data on the formation of these adducts and their antibodies further suggest that oxidative stress could be an early mechanism in the pathogenesis of an autoimmune response. It remains to be verified if neoantigens generated via LDAs could be an early trigger in PCE-mediated autoimmunity. Furthermore, it could be highly interesting to see if anti-MDA antibodies have multi-specificity and, at least partially, also contribute to formation of other conventional autoantibodies. More importantly, our data show existence of positive relationship between anti-MDA-protein antibodies and increased serum ANA. Nevertheless, our findings not only suggest that PCE exposure promotes lipid peroxidation, but also provide support to the idea that increased formation of MDA-modified proteins could trigger the formation of neoantigens to elicit/drive an autoimmune response. The adverse effects of oxidative stress are prevented by the antioxidant defense mechanisms including enzymatic and non-enzymatic antioxidant defense systems under physiological conditions (Ballatori et al., 2009; Grimsrud et al., 2008; Kemp et al., 2008; Zaieni et al., 2015) . SOD and GSH serve as the major enzymatic and non-enzymatic antioxidant defense mechanisms. SOD and GSH/GSSG ratio also serve as important indicators of redox status (Ballatori et al., 2009; Grimsrud et al., 2008; Kemp et al., 2008; Zaieni et al., 2015) . In view of increased oxidative stress, it was logical to assess the redox state following PCE exposure. As evident from the results, PCE exposure led to time-related decreases in SOD as well as GSH and GSH/GSSG ratios in the sera. The decreases in SOD activity along with the decreases in GSH, particularly time-related decreases in GSH/GSSG ratio provide support to a compromised defense mechanism contributing to oxidative stress following PCE exposure and thus, a potential role in PCE-mediated autoimmunity. Th17 cells, which produce IL-17, IL-21 and IL-22, play a critical role in the development and pathogenesis of a variety of ADs, including SLE, RA and multiple sclerosis (Han et al., 2015; Korn et al., 2009; Perl, 2016; Singh et al., 2014; Tabarkiewicz et al., 2015) . Recent studies suggest the potential role of LDA-modified endogenous proteins in the ADs (Kurien and Scofield, 2008; Grimsrud et al., 2008; Wang et al., 2010 Wang et al., , 2016 Ben Mansour et al., 2010; Otaki et al., 2010) . To evaluate autoimmune potential of LDA-protein adducts, we stimulated splenocytes obtained from PCE-treated and control mice in culture with MDA-MSA and found that MDA-MSA was not only able to increase Th17 cell proliferation, but also resulted in an increased release of IL-17 from splenocytes isolated from PCE-treated mice in a time-related fashion. The Th17 cytokines, such as pro-inflammatory cytokine IL-17, have been involved in disease progression and pathogenesis of various ADs, and are considered as potential biomarkers for renal involvement in SLE (Han et al., 2015; Korn et al., 2009; Onishi and Gaffen, 2010; Perl, 2016; Singh et al., 2014; Tabarkiewicz et al., 2015) . Increased IL-17 may consequently induce its target gene products including cytokines, chemokines and inflammatory effectors to promote development of ADs (Onishi and Gaffen, 2010) . Therefore, our findings provide an evidence that MDA-protein adducts could contribute to autoimmunity via activating Th17 cells and increased release of IL-17. These findings thus, strongly support the potential contribution of oxidative stress in the pathogenesis of PCE-mediated autoimmunity and also provide evidence that the MDA-modified proteins may contribute to autoimmunity via activating Th17 cells.
In summary, this study, for the first time, demonstrates a link between PCE exposure and autoimmune response in an animal model. The PCE-mediated increases in autoantibodies were associated with increased oxidative stress. Our data further show that MDA-modified proteins can act as an immunologic trigger by activating Th17 cells, as evidenced by increased cell proliferation and IL-17 release. Our observations, therefore, strongly support that at occupationally relevant dose, PCE exposure can induce/exacerbate autoimmune response, and LDAs play a critical role in triggering this response via activating Th17 cells. Future studies will focus on identifying distinct pathways by which oxidative stress contributes to autoimmunity, especially the role of gene expression, knocking out/down target genes, mapping proteome and blocking/inhibiting specific signaling pathways to provide better understanding of PCE-mediated autoimmune disorders. 
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